In our previous study, chondrocyte apoptosis in femoral head necrosis (FHN)-affected broilers was found to be associated with the endoplasmic reticulum stress (ERS) signaling pathway. In the present study, we further explored the role of ERSinduced chondrocyte apoptosis in FHN-affected broilers and the parallel test was carried out with articular chondrocytes cultivated in vitro. The broilers and chondrocytes were treated with methylprednisolone (MP). The main pathological changes in FHN-affected broilers included the proximal femoral head separated from its articular cartilage and growth plate lesions. MP-treated chondrocytes demonstrated morphology changes, cell viability reduction, secretory capacity dysfunction, and apoptosis. The mRNA expressions of pro-apoptotic genes controlled by ERS signaling pathway were upregulated both in vivo and in vitro experiments. It showed that MP induced FHN in broilers, activated apoptosis-related genes on ERS signaling pathway, and affected the survival and apoptosis of chondrocytes, and bone growth.
INTRODUCTION
In modern poultry industry, femoral head necrosis (FHN) is a common troubling disease leading to lameness, especially in fast-growing birds, and affecting the growth and development of broilers (McNamee and Smyth, 2000; Bradshaw et al., 2002; Dinev, 2009) . FHN is a multifactorial problem and its pathogenesis is still an open question (Assouline-Dayan et al., 2002; Dinev, 2012; Packialakshmi et al., 2015b; Kierończyk et al., 2017) . In recent years, it has indicated that chondrocyte apoptosis is closely related with FHN and osteoarthritis (Matsuo et al., 2001; Calder et al., 2004; Hembree et al., 2007; Takács-Buia et al., 2010) . It is well known that articular cartilage is a connective tissue. The chondrocytes are major cell components and their growth status is particularly vulnerable to adverse external factors (Takada et al., 2013; Kung et al., 2014; Uehara et al., 2014) . Once the survival of chondrocytes are threatened, their synthesis is inhibited, further effects the integrity and function of articular cartilage. There are many reports about the relationship between osteonecrosis and apoptosis in humans and rodents (Shibahara et al., 2000; D'Lima et al., 2001; C Youm et al., 2010; Chen et al., 2014; Fan et al., 2014; Mutijima et al., 2014) , nevertheless, such work is still lacking in poultry.
Apoptosis, also named programmed cell death, is a physiological process for maintaining the homeostasis of cells, and is regulated by multiple signaling pathways (Elmore, 2007) . Endoplasmic reticulum stress (ERS) is a pathological state of subcellular organelles caused by various stimuli, and is an adaptive response to the accumulation of misfolded and unfolded proteins in endoplasmic reticulum (ER) (Bánhegyi et al., 2007) . ERS may play a critical role in the initiation of cell apoptosis (Nakagawa et al., 2000; Xu et al., 2005; Rodriguez et al., 2011) . Moderate ERS would induce unfolded protein response (UPR) to properly protect cells, while excessive and persistent ERS may lead to cell apoptosis by activating CHOP, caspase-12, and JNK pathways (Hughes et al., 2017) . C/EBP-homologous protein (CHOP) and c-Jun N-terminal kinase (JNK) are the terminal genes of the ERS signaling pathway, whose promotion could inhibit the action of anti-apoptotic genes and induce cell apoptosis (Oyadomari and Mori, 2004) . Bcl-2 and Bcl-10 are the anti-apoptotic members in Bcl-2 family but Bid has the pro-apoptotic function, their activation is also affected by ERS (Hwang and Kim, 2015) . In our previous reports (Zhang et al., 2017) , we confirmed that caspase families took part in the procedure of chondrocyte apoptosis in FHN-affected broilers.
1111
Nowadays, researchers prefer to use glucocorticoids to set up models in animal studies of FHN (Cui et al., 1997; Takuaki et al., 1997; Huff et al., 1998; Boss and Misselevich, 2003; Xiao et al., 2010; Durairaj et al., 2012; Wideman and Pevzner, 2012; Luo et al., 2013) . The methylprednisolone (MP) of high dose has been proved to cause osteoarthritis of the femoral head in rodents (Le et al., 2016) , which was consistent with our previous experiments that MP could lead to typical FHN in broilers. Therefore, MP was used to induce FHN in broilers in the present study, and the administration time was determined according to the previous report (Packialakshmi et al., 2015a) . As for experiments in vitro, articular chondrocytes were designed to be treated with MP and tunicamycin (TM). The latter is a revulsive of ERS, as a positive control. Morphology and viability changes of chondrocytes were observed, and the expressions of apoptotic factors were also determined in this work. Through the tests, we want to elucidate the mechanisms of ERS in chondrocyte apoptosis in FHN-affected broilers.
MATERIALS AND METHODS

Animals and Samples Collection
Forty broiler chickens (Gallus gallus, AA broilers) of both sex at one day of age were randomly divided into two groups on average (twenty chickens per group). All birds were reared in standardized process. All animal work was performed according to the Guidelines for Experimental Animals of the Ministry of Science and Technology (2006, Beijing, China) , and protocols were approved by the Animal Care and Use Committee of Nanjing Agricultural University. At the age of 29 d, the broilers in experimental group were intramuscular injected with MP (20 mg·kg −1 ·d −1 , Haisco Pharmaceutical group, Liaoning, China) for 7 d. Birds in control group were treated with isodose sterile saline. After recording the behavioral changes of the birds, we killed and dissected all birds at 42 d old. The femoral head was cut along the sagittal plane, one half was cleaned with PBS (solarbio science & technology co., ltd., Beijing, China) and fixed in 4% paraformaldehyde at 4
• C, the other half was dealt with DEPC and then stored in liquid nitrogen.
Histopathology Analysis
Through washing overnight, the fixed tissues were decalcified in 10% EDTA at room temperature for 2 wk. After dehydration with ethanol, hyalinization with dimethylbenzene and embedment in paraffin, the fragments were sliced into 4-μm-thick pieces and stained with hematoxylin and eosin (HE) for pathological observation.
Primary Chondrocytes Isolation and Culture
Under strict aseptic conditions, the cartilages of the proximal tibia were separated from 3-wk-old broilers and cut into small fragments. Primary chondrocytes were isolated by sequential digestion with 0.25% trypsin (Gibco, USA) for 30 min, 0.1% hyaluronidase (SigmaAldrich, Shanghai, China) for 60 min and 0.2% type II collagenase (Gibco, USA) overnight at 37
• C and 5% CO 2 incubator. The resulting crude cell suspension was passed through a sterile 74-μm cell strainer for purification. Cell number and viability was determined by cell counting and 0.4% trypan blue dye exclusion. Ultimately, the chondrocytes were seeded with the density for 2 × 10 5 cells/mL in 6-well plates and the culture medium Dulbecco's Modified Eagle Medium (DMEM, HyClone, USA) containing 10% fetal bovine serum (FBS, Sigma-Aldrich, Shanghai, China) was replaced every other day.
Model of ERS Cell and Viability Assay
In the present study, we chose the first passage of chondrocytes to build the ERS model. Cells cultivated were divided into three groups: a positive control which administrated with TM (solarbio science & technology co., ltd., Beijing, China), a negative control with conventional medium, and an experimental group which treated with MP. Before the official test, the chondrocytes were dealt with varying concentrations of TM (2000 ng/mL, 1000 ng/mL, 500 ng/mL, 200 ng/mL, 100 ng/mL, 50 ng/mL, 20 ng/mL) and MP (2000 μg/mL, 1500 μg/mL, 1000 μg/mL, 800 μg/mL, 600 μg/mL, 400 μg/mL, 200 μg/mL, 100 μg/mL) for 12 h, then a further treated with the optimal concentration for 0, 24, 48 h of culture. Chondrocyte viability was tested by Cell Counting Biosharp, Hefei, China) . According to the cell viability, we selected the most suitable concentration and time of incubating to induce ERS occurred. Based on the preliminary experiment results, we decided to treat chondrocytes with 400 μg/mL MP and 500 ng/mL TM for 24 h in experimental and positive control groups, respectively.
Cytomorphology Analysis
The passaged chondrocytes were seeded onto 100 mm petri dishes at 2 × 10 6 per dish for cell morphological observation through by means of inverted fluorescent microscope (IFM, Nikon, Japan) and transmission electron microscope (TEM). After 24 h incubation, chondrocytes in three groups were observed by IFM, then collected, respectively, for TEM observation. The samples were sent to electron microscope room in College of Life Sciences, Nanjing Agricultural University for examination.
Apoptosis Detection
Apoptosis of chondrocytes in each group was detected by flow cytometry with Annexin V-FITC/PI double staining (KeyGEN Biotech, Nanjing, China). Annexin is a kind of calcium-dependent phospholipid binding protein widely distributed in eukaryotic cytoplasm, which is involved in intracellular signal transduction. FITC-labeled Annexin V can be used to detect phosphatidylserine (PS) on the surface of cell membrane during apoptosis. Pyridine iodide (PI) can stain necrotic cells or cells with late apoptosis that lose cell membrane integrity. According to the instructions, the cells were resuspended by adding 500 μL Binding buffer, and followed by 5 μL Annexin V-FITC and PI dye solution respectively. Mixed and performed by flow cytometry.
RNA Extraction and Quantitative Real-Time PCR
The chondrocytes treated with MP, TM, and the conventional medium were collected and then treated with RNAiso Plus (Takara Biotechnology Co., Ltd. Dalian, China) to extract the total RNA. Also, according to the protocol, the total RNA of the femoral head saved in liquid nitrogen was extracted. The cDNA was synthesized via reverse transcription by the PrimeScript TM RT Master Mix (Perfect Real Time, Takara Biotechnology Co., Ltd. Dalian, China). Here, the expressions of relative apoptotic genes on ERS signaling pathway and some anti-apoptotic genes were detected. Relative PERK, ATF4, CHOP, IRE1, TRAF2, ASK-1, JNK, caspase-9, caspase-3, collagen-2, aggrecan, Bcl-2, Bcl-10, and Bid gene expression levels were determined by quantitative real-time PCR (qRT-PCR). The housekeeping GAPDH was used as an internal standard control of the quantity and quality of cDNA. The forward and reverse primer sequences used for amplification were listed in Table 1 . qRT-PCR was carried out using SYBR Green PCR technology with an ABI PRISM 7300 HT sequence detection system (Applied Biosystems, Inc., Foster City, CA, USA) and with twostep RT-PCR kit per the manufacturer's instructions. The mRNA expressions of relative genes were calculated by 2 −ΔΔCt method for fold induction (Livak and Schmittgen, 2001 ).
Statistical Analysis
Statistical analyses were conducted using IBM SPSS Statistics 23. The incidence and severity of FHN in different groups were measured by X 2 tests. All cell experiments were carried out in triplicate and data were presented as mean ± SE and the differences between groups were determined with one-way analysis of variance (ANOVA, Dunnet's T3). Significant differences were defined at two levels as follows: P < 0.05 (significant) and P < 0.01 (extremely significant).
RESULTS
Femoral Head Histomorphometry Analysis
In the present study, we judged the incidence of FHN according to the integrity of femoral head and the morphological changes of femoral growth plate, classified and graded it (Durairaj et al., 2009) . 40 broilers participated in the experiment, but one bird in the MP-treated group died during the experiment. So the incidence of FHN was obtained by the 39 chickens remained. Before the autopsy, we measured the weight per bird, and found that the weight of MP-treated group (1.428 ± 0.178 kg) was significantly lower than the control (2.108 ± 0.399 kg) (P < 0.01). Behavioral observations showed that some of the diseased broilers occurred to swelling or curling of the legs, resulting in lameness or inability to stand. The FHN scores were listed in Table 2 . Among which, 0 as normal, 1 as femoral head separation (FHS) and 2 as femoral head separation with laceration of the growth plate (FHSL). From the data, the natural incidence of FHN in the control group was 20.00%, among them, FHSL occupied 5.00%. However, the percentages in MP-treated group was 31.58 and 37.84%, respectively.
The macroscopic morphological changes for different degrees of FHN were shown in Figure 1. From the figure , we observed that the normal femoral head with smooth surface, free of any lesions. There were marked lesions on the femoral head of birds with various degree FHN. The mild cases showed a clean separation of the epiphysis from underlying macroscopically undamaged growth plate, while the more serious cases acted separation of epiphysis from the physis including the evidence of damage or laceration to the growth plate, sometimes the articular cartilage exfoliated completely.
At the same time, we selected some femoral heads with FHSL to make paraffin sections and stain with HE. The results were exhibited in Figure 2 . The chondrocytes of broilers in the control group had normal morphology, intact structure, and no obvious changes in cartilage lacuna. However, the chondrocytes had deviant patterns in FHN-affected broilers, hypochromatosis and also the number of cartilage lacuna increased (red arrows).
Changes of Cell Viability under Different Treatments
The cell viability was exhibited in Figure 3 . As shown in Figure 3A , chondrocyte viability declined significantly at TM concentrations above 200 ng/mL while low concentration of TM (less than 200 ng/mL) had an unconspicuous effect on their viability. In Figure 3B , when concentration of MP was 400 μg/mL, cell viability decreased significantly to 84.850%. The viability was inversely proportional to MP concentration. Figure 3C showed the results of cell viability at different incubation times under 500 ng/mL TM and 400 μg/mL MP (the concentrations that first led to a significant decline of cell viability). At 24 h of incubation, the cell viability of both TM-and MP-treated group decreased to about 50% (53.386 and 49.715%). In conclusion, we chose TM and MP with concentration of 500 ng/mL and 400 μg/mL respectively, and incubated for 24 h to detect the changes of relative genes on transcriptional level.
Chondrocyte Morphology Observation
After incubation with different reagents for 24 h, we observed their morphology by IFM and TEM. Through IFM, we found that the normal chondrocytes in the negative control group were polygonal irregular ovoid and well-stacked. The chondrocytes in the MP-treated group and the positive control group showed shrinkage and unfirm adherence, floating in the medium (Figure 4) . We further observed the ultrastructural changes of cells in each group by TEM ( Figure 5 ). The normal chondrocytes had irregular roundish nuclei, abundant cytoplasmic, discernible rough ER, and mitochondria (yellow arrows). In the cells of experimental and positive control group, a large number of clear vacuoles were found (red arrows), and karyopyknosis, the cytoplasm and organelles blurred. The cell membrane was intact but the pseudopods disappeared.
Apoptosis Assay
The results of flow cytometry showed that the number of apoptotic cells in MP-treated group was about 20%, and most of them were in the early stage of apoptosis ( Figure 6 ). The apoptotic rate increased significantly compared with the negative control group (P < 0.05).
Expression of Relative Factors on ERS Signaling Pathway
qRT-PCR was used to detect the mRNA expression changes of relative genes (Figure 7) . Compared with the control group, the pre-apoptotic genes including caspase-9, caspase-3, PERK, ATF4, CHOP, IRE-1, TRAF2, ASK-1, and JNK in FHN broilers had a significant promotion. The anti-apoptotic genes decreased or unchanged as well as the ability of cells to secrete aggrecan and collagen-2 reduced strikingly.
As for the chondrocytes, the expression of relative genes trends in MP-treated group and TM-treated group were accordant. The results were consistent with those detected in femoral head of broilers. Compared with the control, there was a significant increase in Bid, caspase-9, caspase-3, PERK, ATF4, CHOP, IRE-1, TRAF2, ASK-1, and JNK mRNA expressions but a considerable decrease in collagen-2 and aggrecan. The expressions of apoptotic executors CHOP and caspase-3 were significantly higher than the control group, especially the CHOP, which was more than five times higher than the control. The expression of anti-apoptotic genes Bcl-2 and Bcl-10 was up-regulated in experimental and positive control groups that were contrary to the results of experiment in vivo. The expression of pro-apoptotic gene Bid had an unobvious increase. It was speculated that the cells themselves were antagonizing apoptosis at that time.
DISCUSSION
In fast-growing broilers, the high incidence of FHN was appeared between 4 to 6 wk of age because their linear incremental body-weight (Paz et al., 2009 ). So we decided to treat the birds at the 5 th week of age with MP to induce FHN in this work. The chondrocytes of proximal tibial cartilage cultured in vitro were treated with MP at different concentrations. We were committed to explore the relationship between ERSinduced apoptosis and FHN occurrence in vivo and in vitro. In our study, a high proportion of MP-treated broilers showed reluctance to walk, lameness, some of them could not even stand. The appearance of some birds seemed normal, but the autopsy showed that their femoral head had been injured. Therefore, the osteonecrosis of femoral head could not be judged by its appearance alone. Body weight of birds in the experimental group was significantly lighter, which may be due to lameness affecting food intake.
FHN is characterized by the separation or lesion of the femoral head and articular cartilage, bone trabecula necrosis and ultimately fracture of the subchondral bone. Pathological sections showed that the chondrocytes of FHN broilers were damaged and their cartilages and growth plates shed from femoral heads. The results of HE staining showed that cellular morphology changed and the nuclear structure was destroyed. The results of cell viability assays showed that the chondrocytes underwent viability reduction and apoptosis incubated with glucocorticoid in vitro. The morphological changes of MP-treated chondrocytes were observed by IFM and TEM. Apoptotic cells acted disorder of cytoplasm and organelles, and a large number of vacuoles in the cells. Flow cytometry confirmed apoptosis in MP-treated cells. According to the qRT-PCR results, we found that the expression of collagen-2 and aggrecan both in FHN-affected broilers and MP-treated chondrocytes decreased significantly, it indicated that the secretory activity of cells was seriously damaged. Chondrocytes secrete mainly type II collagen (collagen-2), the typical marker of non-hypertrophic chondrocytes (Mendler et al., 1989) , and large chondroitin sulphate proteoglycans (aggrecan) which provide osmotic resistance for the cartilage to resist external stresses (Mcdevitt, 1973) . Their expression may indicate whether the cells' physiological function is affected. It has been found that ERS indirectly leads to apoptosis of chondrocytes by reducing the expression of collagen-2 and aggrecan in the cartilage matrix (Rasheed and Haqqi, 2012) . ERS pathway is one of the three major apoptotic pathways, which is involved in the pathogenesis of many diseases. When ERS is triggered, UPR is activated to restore the function of ER to promote cells survival; on the other hand, if the damage is too severe to restore the ER homeostasis, the apoptosis signaling pathway mediated by ERS is initiated. The UPR is mediated by three ER transmembrane proteins which are pancreatic ER kinase like ER kinase (PERK), activating transcription factor 6 (ATF6), and inositol-requiring enzyme 1 (IRE-1). They would be activated when sustained and severe UPR occurs, and proceed to activate the expression of downstream factors respectively (Walter and Ron, 2011; Gardner et al., 2013) . CHOP is an ERS specific transcription factor, belonging to the C/EBP transcription factor family. In classical ERS pathway, PERK, ATF6, and IRE-1 can induce transcription of CHOP, among which, the PERKeIF2α-ATF4 is the chief pathway of CHOP expression (Fels and Koumenis, 2006) . CHOP mainly mediates cell apoptosis by regulating transcription of apoptosis relative genes and oxidative stress. High expression of CHOP can induce apoptosis by inhibiting the transcription of Bcl-2. IRE-1 is the type I transmembrane protein on the ER. Phosphorylated activated IRE-1 interacts with tumor necrosis factor receptor associated factor-2 (TRAF2) to activate apoptosis signal-regulating kinase 1 (ASK1) and its downstream molecule JNK. ASK1 deficient or small molecule Figure 7 . mRNA expression of chondrocyte apoptosis relative genes in FHN-affected broilers (A) and MP-and TM-treated chondrocytes (B). n = 3, and data were expressed as the mean ± SE. * P < 0.05 difference is significant versus the normal birds; * * P < 0.01 difference is extremely significant versus the normal birds.
ASK1 inhibitors protect cells and reduce apoptosis mediated by ERS, suggesting that IRE1-ASK1-JNK signaling pathway plays an important role in cells (Kim et al., 2009) . When the ERS happens, sustained activation of JNK can promote apoptosis by regulating the activity of Bcl-2 family members. JNK mediates phosphorylation of Bcl-2 and Bcl-10 to inhibit their anti-apoptotic activity, meanwhile, it also mediates phosphorylation of Bid and Bim to activate their proapoptotic effect. In addition, activation and aggregation of TRAF2 can lead to the breakdown of caspase-12 precursors into caspase-12. Caspase-12, an activated proteolytic enzyme of the ER, can promote cytosolic caspase-9 and caspase-3, and the latter is the most important executioner caspase. Activated caspase-3 might amplify the cascade reaction by cleaving Bcl-2, and its regulated tyrosine kinase could inhibit the transcription of Bcl-2.
In our study, both in animal and cell experiments, the mRNA expression of pro-apoptotic genes in MPtreated samples was significantly higher than that in the control, and the expression trend of chondrocytes in vitro was consistent with that in positive control group. It meant that apoptosis occurred in the detected samples and ERS was one of the ways to induce apoptosis. In this experiment, however, we found an interesting phenomenon that the expression of anti-apoptosis gene Bcl-2 showed a reverse trend in animal and cell experiments. The expression of Bcl-2 in the femoral head of FHN-affected broilers was decreased while it was significantly increased in both MP-and TM-treated chondrocytes. The result of experiment in vivo was consistent with our previous reports that the pathological state of FHN was caused by dysregulation of chondrocyte apoptosis under glucocorticoid administration in broilers. As for the result of chondrocytes cultured in vitro, we suspected that it may be related to the concentration and time of the incubation with MP and TM. In this experiment, we first treated the cells with different concentrations of MP and TM to test their cell viability at different incubation times. Then we analyzed the results by SPSS and the significant difference of data in each group was obtained. After that, we selected the first significant changes (P < 0.05) in MP and TM concentration and time as the basis of subsequent experiments. At that time, the cells perhaps in an early stage of apoptosis, and themselves were still antagonizing apoptosis, thus the expression of anti-apoptotic gene Bcl-2 and Bcl-10 was increased. No apoptotic bodies were observed under TEM, and the results of flow cytometry showed that cells in the early apoptotic stage accounted for about 60% of the total apoptosis, which could also prove the above speculation indirectly. Nevertheless, there was reported that caspase-3 might amplify the upstream death cascade by cleaving Bcl-2, converting it from an anti-apoptotic into a pro-apoptotic protein. We detected an evident promotion in the expression of Bcl-2 and caspase-3 in MP-and TM-treated cells. It was also doubtful whether the Bcl-2 was cleaved by activated caspase-3 and transformed into pro-apoptotic gene at that time.
It has been proved that ERS can not only affect the differentiation of chondrocytes, but also inhibit the synthesis function. At present, the study of ERS in chondrocytes is still at the initial stage. In the present study, the expressions of anti-apoptotic and pro-apoptotic genes on ERS signaling pathway were tested in FHNaffected broilers and MP-treated chondrocytes. The results showed that the expression of apoptosis relative genes on ERS pathway of the experimental groups was increased in different degrees compared with control groups, which indicated that ERS occurred in the samples of our experimental groups. Furthermore, the results showed the evidence that the three pathways of ERS include CHOP, JNK, and caspase-3 all could generate chondrocyte apoptosis. ERS also occurred in the femoral head and cartilage of FHN-affected broilers, indicating that ERS is associated dramatically with the pathogenesis of FHN.
In conclusion, MP-administration influenced the proliferation and differentiation of chondrocytes in broilers, in addition, activated apoptosis-related genes in ERS signaling pathway to promote chondrocyte apoptosis, furthermore contributed to the occurrence of FHN in broilers.
